The use of a graphite-stainless steel composite as bipolar plates (BP) in polymer electrolyte membrane fuel cells (PEMFCs) has been evaluated. The study covers measurements of mechanical properties, microstructural examination, analysis of surface profile, wettability, porosity and corrosion resistance of the composite. The corrosion properties of the composite were examined in 0.1 mol·dm −3 H 2 SO 4 + 2 ppm F − saturated with H 2 or with O 2 and in solutions with different pH: in Na 2 SO 4 + 2 ppm F − (pH = 1.00, 3.00, 5.00) at 80°C. The performed tests indicate that the graphite modified with stainless steel can be a good choice to be used as a bipolar plate in PEM fuel cells.
Introduction
The polymer electrolyte membrane fuel cells are one of the promising options for portable, stationary power generators, or portable electronic devices [1] . The main components of fuel cells include electrolyte/membrane, electrodes (anode and cathode), bipolar plates (monopolar or bipolar) and end-plates (Fig. 1) . Bipolar plates are a key element of PEMs, which account for 40 -50 % cost and 60 -80 % weight of the whole fuel cell stack [2] . Mass distribution of a generator weighting 24 kg, with a capacity of 33 kW is shown in Fig. 1A .
Respectively to the mass distribution of the individual components of the cell, the fuel cell should be light and cheap. Graphite is an excellent material for bipolar plates in PEM due to its great corrosion resistance, thermal resistance, high electrical conductivity but the fragile structure of graphite creates difficulty during its manufacturing.
Using BP materials in low-temperature fuel cell production requires consideration of the following factors: density, electrical conductivity, me- * E-mail: rwlodarczyk@is.pcz.czest.pl chanical properties, corrosion, chemical and thermal stability, gas permeability and manufacturing process [3] . The target material properties, including physical, mechanical and electrical properties, reported by DOE (Department of Energy, USA), used in BPs are presented in Table 1 . Thin metal sheet is a suitable material for a bipolar plate. The metals used for the construction of a lowtemperature fuel cell cover include nickel, titanium and coatings made based on these metals [4] [5] [6] [7] . In [8] , the possibility of using aluminum as a cheaper coating was studied. However, in the working environment of a fuel cell, oxidized aluminum and the products of the process contaminate the membrane. Alloys reported by Nikam et al. [9, 10] have high thermal conductivity and electrical and chemical stability as well as easier production with all advantages of copper. On the other hand, highly dense copper and its alloys disqualify these materials in the fuel cells.
The most common material in the group of metallic materials is stainless steel. It presents such qualities as high strength, low gas permeability, diversity of alloying elements and, above all, low production costs. Availability of stainless steel and the low cost of production are its advantages. It can be easily shaped into the form of plates of a thickness as low as 0.2 to 1 mm, suitable for the fabrication of channels in mono-or bipolar covers. The possibility of producing thin plates is associated with a high material density (density of approximately 7.80 g·cm −3 ), which unfortunately is a disadvantage in these applications. Austenitic steels are usually passivated in the PEM cells working environment [11, 12] . The significant influence of the chemical composition of stainless steel has also been discussed in papers [13] [14] [15] . Table 1 shows the properties of steel 316L on the basis of literature. According to the information, the 316 stainless steel belongs to a group of wettable materials and the ICR at a pressure of 1.4 MPa is in a range between 70 and 230 mΩ·cm 2 , therefore, it does not apply to DOE requirements (<20 mΩ·cm 2 ). Due to the changing environment in the fuel cell operating conditions, steel was tested in solutions of various concentrations of the acid with reference to the presence of fluoride ions from the electrolyte or pure acid. Steel corrosion current density in a sulphuric acid VI varied over a wide range from a few to tens of mA·cm −2 . Comparing the properties of graphite, in terms of its application for the construction of low-temperature fuel cell covers, the ICR and corrosion current density meet the requirements of DOE in 2011 (Table 2) .
Following the recent reports and features, which are characteristic of carbon-based composites, the next step in the way of material requirements for 2017 will be a study on the construction or use of already existing materials with the following composition: graphite-polymer, carbon fiber-polymer fibers, etc. The most popular materials of bipolar plates, besides graphite, are metallic materials or composites based on carbon: carboncarbon composites [25, 26] , carbon-polymer composites [27] , and carbon coated metal [27] [28] [29] [30] . Metallic bipolar plates provide many advantages such as cheaper material cost, high thermal and electrical conductivity, variety of manufacturing processes and excellent mechanical properties. The advantages and disadvantages of graphite and metallic BP are depicted in Table 2 .
In order to improve the mechanical properties of graphite without affecting its corrosion resistance, graphite-SS composite has been proposed.
The composite bipolar plate is a promising alternative to graphite; graphite-stainless steel (SS) composite may greatly improve the mechanical properties of graphite and corrosion resistance of SS in PEM environments. Two main fabrication methods for graphite composite bipolar plates are injection molding and compression molding [31] [32] [33] used to produce the composite by powder metallurgy technology.
The technology used in this study makes possible to determine the effect of compaction and sintering on the product properties. Finding the relationship between the technological parameters and properties of sinters allows obtaining materials with the desired mechanical properties and resistance to corrosion. The investigations of sintered stainless steel confirmed that the use of suitable parameters of compaction pressure and sintering atmosphere ensures obtaining materials with controllable density, pore and grain size and that a suitable chemical composition of powders allows for obtaining sinters with the desired functional properties [15, 16] . he paper presents the results of investigation on graphite-stainless steel composites, made by powder metallurgy methods, for bipolar plates applications. The plates made from the composites have improved characteristics in comparison to the plates made only of graphite or stainless steel material.
Experimental part 2.1. Materials for experiment
Stainless steel powder and graphite powders were manufactured by Höganäs (Sweden), and by Schunk Kohlenstofftechnik GmbH (Germany), respectively. Water atomized 316LHD (HD -high density) steel and graphite powders were used to prepare a mixture (20 % wt. 316LHD). The mixed powder was compacted at 700 MPa by axial compression and then sintered at a temperature of 1150°C ± 10°C in vacuum. A sample was obtained in the form of tablets of 50 mm diameter and of about 4.80 mm thickness. The density, porosity and specific surface area were measured using a mercury porosimeter PoroMaster 33. The particle size distribution of the powders was measured by determining the diameter of the infrared beam (Kamika).
Graphite and SS powders showed a large difference in surface area and thus, the open porosity of the powder particles. Density of 316LHD powder was 2 times higher than the density of graphite powder. The distribution size of graphite powder is shown in Table 3 . About 97 % of particles have an average particle diameter below 60 µm. However, the number of particles with an average diameter of less than 10 µm is ca. 25 %. In SS powder the number of particles with a diameter of less than 60 µm is ca. 50 %.
The chemical composition of the powders is shown in Table 4 . The chemical analysis was carried out using a spectrometer XRF (Rigaku) -model ZSX-Primus II. Fig. 2 shows the morphology of the powders. The graphite powder consists of particles with sharp edges. The powder is contaminated (about 0.05 %), as observed in the analysis of chemical composition. This small amount of various metals comes from the ash contained in graphite powders [34] . The steel powder, 316LHD, consists of irregularly shaped particles of various sizes. There is a single spherical particle. The powder is chemically uniform. 
Methodology
Density, porosity and specific surface area measurements of the composite were carried out using a mercury porosimeter PoroMaster 33 supported by Quantachrome Instruments software for Windows.
A compression test was performed on a universal testing machine INSTRON 8501 with an appropriate computer software, equipped with a strain gauge force measurement head, type 2518-103 No. 791 of the UK ± 5 kN. A pressure test was carried out at a speed of the actuator of 1 mm/min. During the tensile test, the computer recorded changes in the value of the loading force and the displacement of the actuator of the testing machine.
In order to determine the degree of wetting, 3 µl of water was dropped on the surface of the graphite-stainless steel composite. The images of the material with a water drop were analyzed by a MicroCapture microcamera and special software for microimage analysis.
Measurements of interfacial contact resistance (ICR) between the surfaces of diffusion layer (GDL, usually carbon paper) and bipolar plates (BP) were carried out according to the methodology used by Zhang et al. [35] . Techniques of measurement of interfacial contact resistance have been broadly discussed in the studies [36, 37] .
The analysis of the geometrical structure of the surface of the sinter was made using a profilographometer PG 1C working in a modular system TOPO 01. On that basis, the analysis of the surface was carried out, including height feature of profile R a .
During the operation of PEM fuel cells, the ionic exchange membrane may dissolve acidic ions such as SO [38] . Products of corrosion of BP materials might poison the catalysts and decrease the efficiency of the fuel cell [39] [40] [41] . The working electrode was based on composite, the reference electrode was based on a saturated calomel electrode (SCE), and the auxiliary electrode was based on a Pt wire. Potentiokinetic curves were recorded after 10 seconds from the moment of putting the working electrode in the solution. The electrochemical measurements station was based on CHI 1140 (CH Instruments). Potentiokinetic testing was carried out at a scan rate of 5 mV·s −1 .
Results and discussion
Properties of the obtained composite: graphite + 20 % 316L/700 are presented in Table 5 . Steel powder particles were packed during pressing and sintering between particles graphite powder. The consequence of sintering two powders with different properties (density, specific surface area) gave 
Surface properties
The microstructure of sintered graphite steel was porous as a result of the applied manufacturing technology -powder metallurgy method. We can observe the pores of the sizes of mesopores and macropores (Fig. 3) . Distribution of pores in the graphite-stainless steel composite is shown in Fig. 4b . Micropores and mesopores determine the size of the inner surface and play an important role in adsorption processes. Macropores act as transport routes for accessing smaller pores (transporting pores) [42] . According to IUPAC (International Union Pure and Applied Chemistry) the micropores have a diameter of <0.002 µm, mesopores have a diameter between 0.002 -0.050 µm and macropores: >0.050 µm [43] . Knowledge of the nature of porous material brings various possibilities of materials application for diffusion layers, porous membranes, bipolar plates in fuel cells [44] [45] [46] . The specific surface area of the sintered composite is ca. 3.25 m 2 ·g −1 (Fig. 4a) .
The available literature reports that wettability and contact resistance depend on surface geometry [47, 48] . A drop of a liquid, depending on a structure and profile of a rough hydrophobic surface, may be distributed homogeneously, or heterogeneously, leaving a space between the liquid and the solid. The surface roughness is very important from the point of view of surface contact resistance. Uneven, rough surfaces have a small share of contact area and thus, a high ICR value. To get the lower ICR materials for fuel cell covers, they must be polished [49] . Also graphite, as a highly porous material must be properly processed to obtain a minimum value of roughness parameters [50, 51] . Considering the strong influence of surface roughness on the other properties, geometric parameters of the sintered surface structure were analyzed.
During the whole operation, the fuel cell elements were in permanent contact with water (at the cathode side, water was generated and mixed with humidified gases to prevent dehydration of the membrane). If liquid water accumulates in the cell, the cell surface (especially the BP) hinders an access of the reaction gases to the electrodes. Water also accelerates the corrosion of the steel cell components. Accordingly, the degree of moisture in the cell is very important. Because of the cumulated water generated in the fuel cell, the cover materials need to have non-wettable surfaces (hydrophobic). The composite is hydrophobic, when the Θ is higher than 90° (Table 4) . Hydrophobic composite reduces, to some extent, the corrosion rate of the material in the fuel cell operating conditions.
One of the important properties of bipolar plates in PEM fuel cells is low interface contact resistance and high conductivity in order to minimize ohmic losses. According to DOE, the ICR value should be less than 20 mΩ·cm 2 at 1.4 MPa ( Table 5 ). The ICR values of graphite-316L composite, where stainless steel has a function of compaction force generator (Fig. 5) , at 140 N·cm −2 compaction force is around 17 mΩ·cm 2 . For comparison, the ICR for sintered stainless steel 316L was ca. 55 mΩ·cm 2 with R a 4.67 µm [16] .
The electrical sheet resistance is very important for electrical properties of materials for bipolar plates production. Based on reported data, the electrical resistance measured by four-probe technique, gave results of 62 mΩ·cm, and 47 mΩ·cm, for graphite, and 316L SS, respectively [29] . In this report the electrical resistance of graphite-stainless steel composite was not tested. It can be assumed that graphite modified with SS will have lower electrical resistance in comparison with bare stainless steel. Composite with low electrical resistivity can reduce ohmic losses in fuel cells.
Microstructural analysis
The morphologies of graphite-stainless steel composite are shown in Fig. 6a . Based on the analysis of phase composition in the composite, austenitic phase of CrFeNi, crystallizes in a body-centered cubic cell with a = 3.591 nm. The emerged peaks originate from hexagonal graphite, a = b = 0.245 nm, c = 0.669 nm, α = β = 90°, γ = 120° (Fig. 6b) . Analysis of the chemical composition of a single crystallite of the composite material proved the austenite phase as well as carbon occurrence in the graphite form. In order to determine the chemical composition of the composite, qualitative EDS (Energy Dispersive Spectroscopy) analysis was used. (Fig. 7) . Fig. 8a shows the potentiokinetic curves of the graphite-stainless steel composite in simulated PEMFC solution (saturated with H 2 or with O 2 ). The corrosion potential of the sample is equal for both anode and cathode: in anode environment (solution saturated with H 2 ) E corr = ca. −0.32 V vs. SCE, and in cathode environment (solution saturated wtih O 2 ) E corr = −0.33 V vs. SCE. In oxygen medium, composites are passivated, which considerably reduces the rate of corrosion process in the active range (see the values of parameters i corr and polarization resistance Rp in Table 6 ). The dynamic polarization tests (potentiokinetic tests) of graphite-SS composite behavior in PEMFC conditions confirm the formation of a passive area but the passive layer is not stable enough to reduce the current value in the range of 0.0V vs. SCE to 0.8V vs. SCE up to the value equal to or lower than i corr . The behavior of a curve registered in the solution saturated with oxygen shows a passive range of initial passivation at 0.4V vs. SCE [52] . Fig. 8a (inset) presents a polarization curve registered for the passivated steel. The a -b section corresponds to the area of active metal solubilisation. After reaching the potential of initial passivation (E p , i p ), a passive layer is created on the metal surface. Current density decreases until it reaches the value even lower than i corr and then it stabilizes. Further increase in the potential does not cause considerable changes in current density until the potential of transpassivation (point d) is reached, i.e. remod- elling of a passive layer. The dashed line represents potentiokinetic curves observed for non-passivated metal. Current density versus time can be a measure of material durability at potential values, where the processes of hydrogen oxidation (−0.1 V vs. SCE) and oxygen reduction (0.6V vs. SCE) occur (Fig. 8b) . One can assume that the lower anode current density at the given potential and the longer time of 'protection' are, the better is corrosion resistance of a material. In order to determine the durability of the composite, chronoamperometric curves for the analyzed graphite-SS composite were registered. The anode current at the beginning of the test was about −6.5 × 10 −6 A·cm −2 and then it stabilized at −1.6 × 10 −6 A·cm −2 . The obtained chronoamperometric curves for the composite (Fig. 8b) demonstrate a characteristic plateau after exceeding 100 seconds of exposure to the corrosion solution. In case of simulated cathode conditions (O 2 ), the current density has stabilized at 1.26 × 10 −6 A·cm −2 . This value is almost equal to the value obtained from the potentiokinetic tests (4.06 × 10 −6 A·cm −2 ). On the basis of the potentiostatic tests we can make the following conclusion: the negative current provides cathode protection of BP material and the positive current appears because of the composite corrosion.
Corrosion resistance
In order to check the corrosion resistance of the composite, the potentiodynamic curves were recorded in the solution of the following pH values: 1.00, 3.00, 5.00 (Fig. 9a) . The corrosion potential of the composite has not significantly changed with pH of the solution. We can observe some differences in current density at anode and cathode potentials. The electrochemical parameters obtained from the potentiokinetic curves are shown in Table 7 . The higher the value of polarization resistance, the higher material corrosion resistance. The highest corrosion resistance of the composite was obtained in solution of pH 5.00. Fig. 9b presents open circuit potential versus time in different pH. At free corrosion potential, corrosion occurred faster in acidic solution (with pH 1.00) than in pH 5.00 solution.
The corrosion properties in anode and cathode environments meets the DOE's 2020 technical targets independently of pH of solution during operating of PEM fuel cells.
Conclusions
Except for a number of materials used for bipolar plates, the use of graphite modified with stainless steel seems to be very interesting. Application of the methods of powder metallurgy allows for controlling the density of the manufactured materials as well as their porosity, i.e. characteristics, which, in the case of bipolar plates in fuel cells, affect e.g. material heat capacity, heat and electrical conductivity, resistance to cracking as well as strength and plasticity. The graphite-stainless steel composite made in this investigation showed properties, which met the requirements formulated by the DOE. The density of the composite was below 2 g·cm −3 , ICR at 140 N·cm −2 below 20 mΩ·cm 2 , and the material was characterized by low corrosion resistance. Based on the analysis of the contact angle, the composite materials were classified as non-wettable (hydrophobic). The corrosion properties in anode and cathode environments met the DOE's 2020 technical targets. Tests performed proved that the graphite-SS composite can be a suitable choice for the use as a bipolar plate in PEM fuel cells.
